Using the Alternative Data Release of the TIFR GMRT Sky Survey (TGSS), we studied the low-frequency properties of FR 0 radio galaxies, the large population of compact radio sources associated with red massive early-type galaxies revealed by surveys at 1.4 GHz. We considered TGSS observations from FR0CAT, a sample formed by 104 FR 0s at z < 0.05: all but one of them are covered by the TGSS, and 43 of them are detected above a 5σ limit of 17.5 mJy. No extended emission has been detected around the FR 0s, corresponding to a luminosity limit of 4 × 10 23 W Hz −1 over an area of 100 kpc × 100 kpc. All but eight FR 0s have a flat or inverted spectral shape (α < 0.5) between 150 MHz and 1.4 GHz: this spectral behavior confirms the general paucity of optically thin extended emission within the TGSS beam, as is expected for their compact 1.4 GHz morphology. Data at 5 GHz were used to build their radio spectra, which are also generally flat at higher frequencies. By focusing on a sub-sample of FR 0s with flux density > 50 mJy at 1.4 GHz, we found that ∼75% of them have a convex spectrum, but a smaller curvature than the more powerful gigahertz peaked-spectrum sources (GPS). The typical FR 0s radio spectrum is better described by a gradual steepening toward high frequencies, rather than to a transition from an optically-thick to an optically-thin regime, possibly observed in only ∼ 15% of the sample.
Introduction
The identification of the optical counterparts of the large number of sources detected in recent radio surveys at 1.4 GHz (e.g., Best & Heckman 2012) revealed that the majority of the radio sources associated with low redshift galaxies show compact emission, with sizes 10 kpc (Baldi & Capetti 2009 ). This population of compact objects was poorly represented in earlier surveys (performed at lower frequency and a higher flux density threshold), which were instead dominated by sources extending over scales of hundreds of kpc (e.g., Hardcastle et al. 1998 ). Due to the lack of extended radio emission, these "compact" sources were named "FR 0s" (Ghisellini 2011; Sadler et al. 2014; Baldi et al. 2015) , a convenient way to include them into the canonical Fanaroff & Riley (1974) classification scheme of radio galaxies (RGs). The information available from observations of FR 0s is generally very limited, even in the radio band. As a consequence, it is still unclear what the nature of these sources is, and how they are related to the other classes of RGs. Baldi et al. (2018) selected a sample of compact radio sources named FR0CAT, in order to perform a systematic study of FR 0s. FR0CAT consists of 104 compact radio sources with redshift ≤ 0.05 selected by combining observations from the National Radio Astronomy Observatory Very Large Array Sky Survey (NVSS; Condon et al. 1998) , the Faint Images of the Radio Sky at Twenty centimeters survey, (FIRST, Becker et al. 1995; Helfand et al. 2015) , and Sloan Digital Sky Survey (SDSS; York et al. 2000) . In the catalog, Baldi et al. included the sources brighter than 5 mJy and with a limit to the deconvolved angular size of 4 ′′ in the FIRST images, corresponding to a linear size 5 kpc. Their radio luminosities at 1.4 GHz are in the 10 22 L 1.4 10 24 W Hz −1 range. Baldi et al. (2019) obtained high-resolution multi-frequency radio images of a sub-sample of 18 FR 0s randomly extracted from FR0CAT. Although the observations reach an angular resolution of ∼0 ′′ . 3 (corresponding to ∼ 250 pc at the median redshift of these sources, z =0.04), 14 of the FR 0s are still unresolved, while the remaining four extend over only a few kpc. These observations confirm the general lack of extended radio emission and the high core dominance of FR 0s when compared to the FR Is of the 3C sample: in FR Is the fraction of nuclear emission is typically 10 −2 (Baldi et al. 2019) .
The origin of the different nature of FR 0s with respect to the extended RGs still remains to be understood. While the appearance in the radio images of FR 0s and FR Is is radically different, the nuclear and host galaxies' properties of these two classes are very similar Torresi et al. 2018) . A scenario in which FR 0s are young RGs that will all eventually evolve into extended radio sources cannot be reconciled with the large space density of FR 0s, five times more abundant than FR Is. FR 0s might instead be recurrent sources, characterized by short phases of activity. Baldi et al. (2015) suggested that the jet properties of FR 0s might be intrinsically different from those of the FR Is, for example, the former class with lower-bulk Lorentz factors.
In this framework, low-frequency radio observations of FR 0s might play an important role, as they can be used to address the following questions: (1) Do FR 0s show low-frequency extended emission? Compactness is the main defining characteristic of FR 0s and one possibility to account for this property is that they are recurrent sources. In this case, we could A&A proofs: manuscript no. capetti expect to detect remnant emission from a previous cycle of activity. This is typically characterized by a very steep spectrum, and is therefore best observable at MHz-frequencies.
(2) What is the low-frequency spectral shape of FR 0s? Observations at high resolution, required to spatially isolate any small-scale extended emission, are only available for a minority of FR 0s. The spectral index information can be used to infer the fraction of optically thin, hence extended, emission present in FR 0s overcoming the limited spatial resolution. (3) What is the fraction of young sources among the FR 0s? Such objects can be found by looking for the characteristic signature of young radio galaxies, meaning, their low-frequency spectral cut-off due to either synchrotron self-absorption (Kellermann 1966; Hodges et al. 1984) or free-free absorption (Kellermann 1966; Bicknell et al. 1997) .
The 150 MHz continuum survey performed with the Giant Metrewave Radio Telescope (GMRT; Swarup 1991; Intema et al. 2017 ) named TGSS (Tata Institute of Fundamental Research GMRT Sky Survey) offers the first possibility to gather low-frequency data with the combination of sensitivity and spatial resolution required for the study of FR 0s. In particular, we will focus on the TGSS observations of the FR0CAT sample.
The paper is organized as follows. In Sect. 2, we list the data available from the TGSS observations of the FR0CAT sources. In Sect. 3, we present our results, which are then discussed in Sect. 4. In Sect. 5, we summarize the results and draw our conclusions.
The TGSS data
The low-frequency data for the FR 0s are taken from the TGSS. Intema et al. (2017) produced a first alternative data release (TGSS ADR1) obtained through independent re-processing of the TGSS data. The TGSS ADR1 covers the declination range -53 • < δ < +90 • with images at 150 MHz, at a resolution of ∼25 ′′ corresponding to a linear scale between 10 and 25 kpc at the redshift of the sources considered. The median rms noise level of the TGSS ADR1 images is 3.5 mJy beam −1 . The catalog contains all sources above the 7σ (24.5 mJy) threshold. The absolute astrometry accuracy of the catalog is better than 2 ′′ .
All but one (namely J0907+35) of the 104 sources of the FR0CAT sample are covered by the TGSS. By adopting a search radius of 5 ′′ , we found an association for 37 out of the 104 FR0CAT sources in the TGSS ADR1 catalog. However, the a priori knowledge of the optical position of the FR 0s enables us to safely use a less stringent limit, which we set at 5σ (17.5 mJy). With this strategy, we recover five additional FR 0 detections. The visual inspection of the TGSS fields of all FR 0 sources also revealed an association for J1559+25, not listed in the catalog, likely because of the presence of a confusing bright (180 mJy at 1.4 GHz) nearby (29 ′′ ) object. We measured a TGSS flux density for J1559+25 of 67.7 mJy. The total number of FR 0s with a 150 MHz flux density measurement is then 43. In Table 1 , we list the radio data used for our analysis.
To study the spectral properties of the FR 0s, we also used data from the Green Bank 6-cm survey (GB6, Gregory et al. 1996) and the Westerbork Northern Sky Survey at 327 MHz (WENSS, Rengelink et al. 1997) . GB6 covers the Northern sky up to δ = 75 • , and it includes the position of all but seven FR0CAT sources. The catalog threshold is generally 18 mJy, but it varies with position within the survey area, being higher at lower declinations (see Tab. 1). The WENSS covers the sky North of δ = 30 • , including 25 FR0CAT sources, with a limiting flux density of 18 mJy, and a resolution of 54 ′′ ×54 ′′ cosecδ.
Due to the large beams of the TGSS, NVSS, WENSS, and GB6 (with resolutions of 25 ′′ , 45 ′′ , 54 ′′ , and 3 ′ , respectively), there is the possibility of a contamination from sources located at small distances from the FR0s. We inspected their higher resolution FIRST images to address this issue. Concerning the possible contamination of the first three surveys, we considered an area with a radius of 45 ′′ (the NVSS beam size) centered on the targeted FR 0: we found that this includes a source present in the FIRST catalog in only two cases: J1427+37 and J1559+25. J1427+37 is not detected at either 150 MHz or 5 GHz. We already identified the confusing source in the TGSS image for J1559+25 (which is not visible in GB6). For these two objects, we used the FIRST flux density value at 1.4 GHz instead of the NVSS value.
To assess any possible contamination of the GB6 measurements, we only considered the 23 FR 0s detected by this survey. For eight of them, there is no FIRST source within 3 ′ . In 12 cases, the sources within this radius have a flux density at 1.4 GHz between 3% and 10% of the FR 0 considered: even in the case that these sources have an inverted spectrum, they do not produce a significant contribution (>25%) of the measured 5 GHz flux density. In the remaining three cases (namely, J0807+14, J0910+18, and J1111+28), there are nearby sources with flux densities between 30% and 90% of the target of interest. We marked them with an asterisk in Tab. 1 to highlight the possible contamination.
Results
The FR 0s detected in the TGSS images (with just one exception) show a single unresolved radio component confirming the lack of large scale extended emission characteristic of these sources seen in both the FIRST and the NVSS. The only exception is J1521+07, also known as 3C 318.1, located at the center of the MKW03S cluster: an extended radio source with an extremely steep spectrum (α=2.42 between 235 and 1280 MHz) 1 and a morphology dominated by a peculiar concave arclike structure (i.e. with its center of curvature located on the opposite side of the J1521+07) is seen ∼ 40 kpc toward the south (Giacintucci et al. 2007 ), a structure possibly not associated with the active nucleus.
We can estimate the limit on the flux density of any extended emission around the FR 0s by considering a fiducial area of 100 kpc × 100 kpc. At the median redshift of the FR0CAT sample of 0.037, this corresponds to ∼ 135 ′′ × 135 ′′ . The distribution of GMRT antenna baselines is such that the array at 150 MHz is sensitive to extended emission on scales smaller than 68 ′ (Intema et al. 2017) , much larger than the angular sizes we are interested in. We measured the flux density over ∼ 135 ′′ × 135 ′′ in several regions of the FR 0 images. We found a median value of five mJy with a dispersion of 39 mJy, corresponding to a 3σ upper limit of ∼120 mJy.
In Fig. 1 , we compare the flux densities of the FR0CAT sources at 150 MHz and 1.4 GHz from the TGSS and NVSS, respectively. Since the FR 0s are compact objects, we do not expect the different resolution of the two surveys to significantly affect our results. Conversely, variability is an important issue, particularly because we are dealing with compact sources and considering that ∼15 years separate the TGSS and NVSS observations. Therefore, the results of this comparison for individual objects should be taken with some caution. The resulting spectral indices are steeper than α > 0.5 only in eight sources, meaning, the vast majority (92%) of the FR 0s show a flat (0 < α < 0.5) or inverted (α < 0) low-frequency spectrum. This conclusion applies not only to the sources detected by the TGSS, but also to those with a 150 MHz upper limit, because they all correspond to slopes flatter than α < 0.47. Several FR 0s show an inverted spectrum: this is the case of eight of the TGSS detected sources, to which we add the 21 undetected objects with an upper limit α < 0 to their spectral indices. The fraction of FR 0s with inverted spectrum is then at least 28%, but it can be as high as 66%, depending on the slope of the remaining 39 FR 0s, undetected in the TGSS, which are all consistent with a negative value of α.
To further investigate the spectral properties of the FR 0s, we also include the GB6 observations at 5 GHz in the analysis and compare the spectral indices measured between 150 MHz and 1.4 GHz, and between 1.4 and 5 GHz (see Fig. 2 ). This comparison confirms the main conclusion on the paucity of FR 0s with a steep spectrum. The GB6 measurements are also important to finding and to exploring the nature of the sources with a convex spectrum. All sources with α(150 − 1400) < α(1400 − 5000), meaning, those located above the dotted line (marking an equal value of the two spectral indices considered) are objects with a convex spectrum.
A significant limitation of our analysis is related to the relatively small fraction of objects detected at 150 MHz and (or) 5
GHz, due to the higher flux density thresholds of the TGSS and GB6 data with respect to the NVSS. We therefore preferred to restrict this analysis to the sub-sample formed by the 19 FR 0s with a 1.4 GHz flux density F 1.4 > 50 mJy, covered by both the TGSS and GB6 area (see Fig. 2 , right panel). At least 14 of these sources have a convex spectrum (see Fig. 3 ).
Following the approach of O' Dea et al. (1991) , we fit the radio spectra with a log-parabola and measured its full width at half maximum (FWHM). We limited our study to the 14 sources with a convex spectrum and measured values typically between 1.5 and six decades (see Fig. 4 ). The FWHM in five sources must be considered as an upper limit, because the source is not detected in at least one band. The median FWHM is between 2.2 and 2.4 decades, depending on the actual values of the upper limits.
The sampling of the radio spectra of FR 0s is clearly rather limited. For seven of these sources, the spectral coverage can be improved by including the measurements from the WENSS: overall, these support the interpretation that the FR 0s' spectra are rather shallow. In particular, in two of the sources not detected by the GB6 survey (namely, J1213+50 and J1559+44), the fitted parabolas are consistent with the WENSS data points, suggesting that the upper bounds to their curvature do not differ significantly from their actual values. 
Discussion

Extended radio emission in FR 0s
The TGSS images confirm the lack of spatially extended emission around FR 0s, the main defining property of this class of sources. An extended steep spectrum component might have been expected in two cases. Firstly, FR 0s might be less efficient in the acceleration of the relativistic electrons with respect to standard extended radio-galaxies, and produce intrinsically steep radio spectra. Secondly, FR 0s might be recurrent sources leaving behind a relic emission from previous activity phases, characterized by a steep spectrum due to spectral ageing. The limit to the luminosity of extended structures is ∼ 4 × 10 23 W Hz −1 over an area of 100 kpc × 100 kpc at the median distance of the FR 0 sample. As reference, the edge-darkened FR I sources selected from the same catalog of RGs from which we extracted the FR 0s (Capetti et al. 2017) have sizes between 60 and 120 kpc, and pre-dicted luminosities at 150 MHz (when assuming a spectral slope of 0.7 between 150 MHz and 1.4 GHz) in the ∼ 10 24 − 10 26 W Hz −1 range. Nonetheless, very low surface brightness emission (∼ 0.15 mJy beam −1 ) extending over ∼ 10 kpc have been detected in NGC 3998 (Frank et al. 2016) . NGC 3998 is a nearby (z=0.0035) flat-spectrum radio source, unresolved in the FIRST images, fulfilling all requirements for an FR 0 classification. 2 This individual example indicates that, although FR 0s and FR Is are different classes of sources, deeper observations are needed to explore their relationship in greater depth, and in particular, to establish whether FR 0s are able to produce large-scale jets. 
Radio spectral properties of FR 0s
The spectral index information can be used to probe the presence of optically-thin emission in FR 0s, and also on scales smaller than the spatial resolution of the TGSS (10 -25 kpc). The fraction of FR0CAT sources detected by the TGSS is 42%: this relatively low detection rate is due to the combination of (1) the different flux density thresholds used to build the FR0CAT catalog and the one adopted for the TGSS (5 and 17.5 mJy, respectively), and, (2) the generally flat spectral slope between 150 MHz and 1.4 GHz of the FR 0s. Nonetheless, the TGSS sensitivity is sufficient to exclude that the sources not detected by this survey have a spectrum with a slope steeper than 0.5. This leaves us with only eight FR 0s with a steep low-frequency radio spectrum.
A simple model in which the emission is produced by two components, one extended and one compact, with spectral index α=0.7 and α=0, respectively, indicates that the overall spectrum becomes steep (α > 0.5) when the optically-thin component contributes to a fraction >55% of the total emission at 1.4 GHz. Therefore, at least half the emission from the 35 flat or inverted sources must originate from a core component. This value confirms the high-core dominance of FR 0s derived by Baldi et al. (2019) , based on high resolution images.
Contribution of young radio-galaxies to the FR 0s' population
A further issue that can be investigated from the low-frequency spectral properties of FR 0s is how many of them are compact because of their youth. Although, as reported in the introduction, the number density of FR 0s is too large to interpret the whole class of compact sources as young objects, the sources that will eventually produce extended RGs must necessarily pass through a small-size phase, and some FR 0s might indeed compact because they are young. Young RGs can be found looking for a convex spectrum due to a low frequency cut-off. By restricting to the 19 FR 0s with F 1.4 > 50 mJy, the fraction of sources with a convex spectrum is ∼ 75%. Nonetheless, the spectral curvature of the FR 0s spectra is less pronounced than what is measured in the more power-ful GPS sources. O'Dea et al. fit the radio spectra of a sample of GPS with log-parabola (the same method we adopted in the previous section) and found that generally the peak of their radio spectra are rather narrow, with a median value of the FWHM of 1.2 decades of frequency. Conversely, we find larger values, typically between 1.5 and 6 decades (with a median value of ∼2.3). Although five of them must be considered as upper limits, because the source is not detected in at least one band, the spectral curvature of FR 0s is generally much less pronounced than in GPS.
Apparently, we do not see the sharp transition from an optically-thick to an optically-thin regime typical of the GPS. The spectral properties of FR 0s are better described as being due to a gradual steepening toward high frequencies. Baldi et al. (2019) noted a similar effect in their VLA observations between 1.4 and 7.5 GHz. The spectrum between 4.5 and 7.5 GHz is steeper than between 1.4 and 4.5 GHz, meaning, the high frequency spectra of FR 0s are generally convex: the median difference in the spectral slopes from 1.4 to 5 GHz and from 4.5 to 7.5 GHz is ∆α = 0.16. Baldi et al. also found six out of 18 sources have steep spectra (the remaining objects have flat and, in one case, inverted, spectra), a significantly higher fraction than what we find in this study. Interestingly, the steep sources in the subsample 3 have a flat spectrum between 150 MHz and 1.4 GHz, confirming the presence of a spectral steepening, with data covering a broader spectral range.
The presence of sources in which the spectral index increases with frequency, similarly to what we see in FR 0s, has been already recognized in very early works and ascribed to the combined effects of self-absorption and of the presence of components with a wide range of brightness temperatures (Kellermann et al. 1969; Marscher 1988) . This interpretation might also apply to FR 0s, and it can be tested with radio imaging at a high resolution, sufficient to spatially resolve the various emitting components.
Nonetheless, in the bright sub-sample of 19 FR 0s, there are three sources (namely J0906+41, J1116+29, and J1250+00) whose spectrum is reminiscent of the GPS spectra: they have an inverted spectrum at low-frequencies, and an emission peak at ν 1GHz. The FR 0s in which we might be observing a genuine low-frequency cut-off, and which can be interpreted as young compact objects, represent ∼ 15% of the sub-sample with flux densities larger than 50 mJy. However, this result must be confirmed with more sensitive surveys. In fact, this flux density limit at 1.4 GHz might introduce a significant bias, because the median luminosity of this sub-sample is a factor 10 higher than for the whole FR0CAT. Furthermore, we might be excluding sources in which the emission peak is located at higher frequencies, and which, for this reason, do not meet the flux density threshold. The very selection of the FR0CAT is based on surveys at 1.4 GHz, and this might represent a bias against sources with a GPS-like spectra.
Furthermore, variability is known to play an important role in the process of identification of this class of sources (see, e.g., Torniainen et al. 2005) : simultaneous multi-frequency observations are needed to firmly assess their nature. The study of these candidates is particularly relevant because of their extremely low radio luminosity (2 − 3 × 10 23 W Hz −1 ), more than five orders of magnitude below that of the most studied samples of young compact sources (O'Dea 1998), and even less
Summary and conclusions
We present the results obtained from the TGSS survey, based on GMRT observations at 150 MHz of the 104 compact FR 0s sources forming the FR0CAT sample. The fraction of FR 0s detected at low radio frequencies is 36%. The relatively small number of 150 MHz detections is due in part to the higher flux density threshold of the TGSS with respect to the selection threshold of FR0CAT (17.5 and 5 mJy, respectively), but also to the general flatness of the radio spectra: only eight sources have a steep (α > 0.5) radio spectral index between 150 MHz and 1.4 GHz.
We failed to detect extended emission associated with the FR 0s. The corresponding upper limit, estimated over a region of 100 kpc × 100 kpc, is 4×10 23 W Hz −1 , a factor between 3 and 300 below the luminosity of FR I sources. In addition, the FR 0s' spectral shapes indicate that the contribution of extended optically-thin emission within the TGSS beam might contribute for, on average, at most a fraction 50% (at 1.4 GHz) to these compact sources.
By also including observations at 5 GHz from the GB6 survey, we explored the radio spectra of FR 0s over a larger range of frequencies. Due to the higher threshold of the GB6 (∼ 18 mJy), only 23 FR 0s are detected at 5 GHz. We then preferred to limit the multi-band analysis to the sub-sample formed by the 19 FR 0s with a flux density at 1.4 GHz larger than 50 mJy. Most of them (13) have spectral indices flatter than 0.5 in both frequency ranges, and in 14 FR 0s, the spectra is steeper between 1.4 and 5 GHz than between 150 MHz and 1.4 GHz, meaning they are convex spectra.
A convex spectrum is a characteristic feature of young sources in which a turn-over is observed at low frequencies, due to a high optical depth of either free-free or synchrotron selfabsorption. This raised the possibility that at least a fraction of the FR0CAT sources are compact, because they are young radiogalaxies. Nonetheless the spectral curvature of FR 0s is in general smaller than in GPS: in FR 0s, the median FWHM is 2.3 decades of frequency compared to a FWHM of 1.2 measured in GPS. The fraction of FR 0s with a high curvature and a spectrum rising in the GHz spectral region, reminiscent of GPS, is at most three out of 19, meaning 15%.
Clearly, the studies of the low-frequency radio properties of FR 0s would greatly benefit from the deeper and higher resolution observations that are being produced by the International Low Frequency Array (LOFAR; van Haarlem et al. 2013) . In particular, the LOFAR Two-meter Sky Survey (LoTSS) will eventually cover the entire Northern sky, producing ∼5 ′′ resolution images with a sensitivity of ∼ 0.1 mJy beam −1 at 150 MHz (Shimwell et al. 2017) . It should enable us to set stronger limits on, or even allow the detection of, the extended emission, with an improvement of the detection threshold of more than an order of magnitude with respect to the TGSS, and to detect the lowfrequency counterpart of all the FR 0s with α(150 − 1400) > −1. This will enable us to characterize the spectral shape of FR 0s in much greater detail, in particular for those with a convex spectrum. A. Capetti et al.: The low-frequency properties of FR 0 radio galaxies Column description: (1) name; (2 -4) flux densities (in mJy) at 0.15, 1.4, and 5 GHz, respectively. (5 -6) spectral indices between 0.15 and 1.4 GHz (α 1 ) and 1.4 and 5 GHz (α 2 ). The sources marked with a are those not present in the TGSS catalog, and whose flux density was measured from the images, while those marked with "-" are not detected at 150 MHz with a threshold of 17.5 mJy. For the sources marked with b , we used the FIRST measurement instead of the NVSS one, due to the contamination of a nearby source. Sources outside the GB6 survey coverage are indicated with "-" in the last column, while the three FR 0s whose five GHz measurements are potentially contaminated by nearby sources are marked with an asterisk.
